Large neonatal brains may reduce juvenile mortality the mother can provide during gestation. Adaptive explanations attempt to understand the reasons why having a smaller or larger brain size at birth improves an individual's chances of survival. We suggest that differences in neonatal brain size can be viewed as one example of a class of responses, known as life history tactics, to the differing risks of mortality brought about by selective forces such as predation, environmental fluctuation, and competition.
The allometry of neonatal brain size in mammals Allometry, which was described by Stephen Jay Gould (1966) as the study of size and its consequences, refers to the finding that many traits associated with living organisms change in predictable ways with changes in body size. McMahon and Bonner (1983) have provided a fascinating introduction to the topic. Traits are broadly defined to include physical structures, such as the antlers of deer, or even events related to the timing of life, such as the age at which a species matures or how long it lives.
Sir Julian Huxley (1932) in his classic work, The Problems of Relative Growth, argued that allometric relationships were found both within and among species because of common growth mechanisms regulating a set of traits. In Huxley's view, genes that control body size also have effects on the other traits. For example, genes that control the rate of production of a growth hormone, which determines overall body size, also influence the weight of constituent organs such as the heart or liver. Huxley's conclusion was that although differences in body size were adaptive responses to natural selection, it was not necessary to give an adaptive explanation for the correlated change in many other characters. This line of reasoning set the course for interpreting allometric relationships during the decades that followed and is commonly used today.
Our interest is in the allometry of neonatal brain size. As with many other traits, neonatal brain size differs across species according to a power relationship: But it is dangerous to argue that there is no adaptive reason for a character just because it seems unnecessary to give one. This caveat applies to neonatal brain size, for reasons that become clear on closer inspection of the data in Figure 1 . Mammal species are often categorized as being either precocial or altricial, depending on the maturity of their offspring at birth (Case 1978 Table 1 . Allometric relationships with metabolic rate across mammalian families. The slopes relating neonatal brain weight and litter brain mass to maternal metabolic rate are similar for precocial and altricial families. However, differences between precocial and altrical families in the y-axis intercept indicate that precocial families have bigger neonatal brain weights and a greater litter brain mass for a given maternal metabolic rate. Slopes for litter brain mass are less than 1.0. All estimates are based on 28 families, 18 precocial and 10 altricial. All variables are logarithmically transformed before fitting a line of the form log(Y) = log(a) + blog(X) by the method of major axis analysis. The allometric slope or exponent is b and the y-axis intercept is log(a). Upper and lower bounds for the slopes are estimated by the 95% confidence intervals. Hofman (1983) used in support of their ideas was indirect. It is important to test their ideas directly, because the relationship between neonatal brain size and metabolic rate may arise simply because each has an independent association with body size (i.e., neonatal brain sizes may increase with adult body size across species for reasons not directly related to the increase in metabolic rate). For Martin's and Hofman's ideas to be correct, the relationship must hold after controlling for the effects of maternal size on both variables. It must be shown that, for a given body size, species with higher metabolic rates produce offspring with larger brains or have longer gestation lengths.
We tested these ideas with data collected on neonatal brain size, metabolic rate, gestation length, and adult body size for a variety of mammal species (Pagel and Harvey 1988 Table 2 . Differences between precocial and altricial families after adjusting for adult body size differences. Body weight effects were removed by calculating the relative value for each variable about its best-fitting line with adult body weight (see text). Table entries among mammals, the way to have large-brained offspring is to gestate them for a relatively long time and to d to find have only one offspring per litter. ise to the Twenty-three of the families in our [llometry data set have offspring with brains dictions. larger than expected from maternal lere rela-size (that is, they have relative neonan to be tal brain size greater than zero). Of families these, 20 are precocial families, 20 7e tested have gestations longer than that prepecies in dicted for their size, and 18 have were re-litters of one. This result suggests that ve gesta-the reproductive effort needed to prowhen the duce relatively large-brained offspring lve been is high and hints that, for these famis, the re-lies, there must be (or have been) remains strong adaptive value associated with ie length precociality or perhaps with large :rnal size neonatal brain size, of which precocier a neo-ality is a consequence. large or Separating neonatal brain size from rences in neonatal body size. Martin's and Hofhich the man's predictions link neonatal brain account. size to maternal metabolic rate, and tal brain so it has been necessary to control for lals are maternal body size in our analyses. gestation This reservation leaves open the posltal brain sibility that all our results for neonave gesta-tal brain size apply equally well to precocial neonatal body size: mammals that . In con-produce relatively large-brained offneonatal spring may also produce relatively )nship to large-bodied offspring. And in fact igure 4). they do. substitutTherefore, to control for offspring for rela-body size we repeated the above analin both yses using relative values of neonatal brain size, gestation length, and metarge neo-abolic rate against neonatal body size ons cover rather than adult body size. The analrent body yses showed that, just as before, rela- The adaptive approach that we describe in this section looks to the struggle for existence as an explanation of why the world is not overrun with elephants. All individuals face risks imposed by such mortality factors as predation, environmental fluctuation, and competition. Some of the characteristics of species are evolutionary responses to these risks. We argue that relative neonatal brain size is one of a suite of traits that a species evolves to counter the threat of a relatively high rate of mortality among juveniles.
The length of gestation is able to explain why some animals have relatively larger neonates than would be predicted for a given maternal size or metabolic rate. Gestation length is one of a group of variables concerned with the timing of life that evolutionary biologists refer to collectively as life history variables. Other life history variables include the age at which offspring are weaned, the ages of sexual maturity and first reproduction, the length of time between reproductive attempts, and life-span or longevity.
Life history variables tend to correlate with each other across species, such that species can be arranged along a fast-slow continuum describing their pace of life. Species with short gestation lengths also typically have early ages of maturity, short intervals between reproductive attempts, and short life-spans. For example, many small rodents reach sexual maturity within weeks of birth, and they may produce several litters of up to ten offspring in a single year. Elephants, on the other hand, may not reach sexual maturity until 14 years of age, and thereafter females will have one offspring every four years at best. Figure 5 illustrates the fast-slow continuum using the relationship between the length of gestation and age at maturity for 15 orders of mammals (data from Read and Harvey 1989). The small rabbits and hares (Lagomorpha) are at the fast end; carnivores, primates, chiroptera (bats), and artiodactyls (grazing species such as deer, buffalo, and giraffes) are near the middle; and elephants (Proboscidea) are at the slow end.
The fast-slow continuum in time of our earlier research to test this conjecture, but they have since become available for 18 of the families in our data set, representing 10 orders (Promislow and Harvey in press). Not surprisingly, larger species suffer lower rates of mortality. In fact, body size is a good predictor of the shape of mortality curves. We compared each species' actual mortality pattern with what we might expect for a typical species of that body size. The difference between a species' observed mortality over time and its expected mortality for its size constitutes a measure of relative mortality from which size effects have been removed. A positive difference indicates higher mortality than expected and a negative difference indicates lower mortality than expected.
If variation among species in rates of mortality is the reason for the evolution of species' differences in gestation length, and ultimately of variation in neonatal brain size, then species with relatively high rates of mortality should have relatively short gestations and produce neonates with relatively small brains. We tested whether the length of gestation for a particular body size is related to the rate of mortality by correlating relative gestation length with relative rate of mortality (both measures corrected for body size). The relationship (Figure 7) was strongly negative, indicating that, for a given body size, species suffering higher rates of mortality had shorter gestations. Relative rates of mortality also correlate with relative Why neonates with large brains? Life history theory makes clear the advantage of faster reproduction in the face of increased mortality, but why should slower reproduction result in neonates with large brains for their body size? Here we must speculate on alternative scenarios in the absence of empirical evidence to distinguish between them.
The first explanation is nonadaptive. Fetal brain growth during gestation is faster relative to body growth than after birth. If longer gestation prolongs the period of fetal brain growth, then neonates will have relatively large brains for their body sizes, merely as an allometric consequence of longer gestations. This explanation might be correct but, if it is, it needs also to show that there is no extra cost to the mother in producing neonates with larger brain sizes. If there is a cost and the larger brains have no specific function, then they should disappear over evolutionary time.
The second explanation views increased neonatal brain size as an adaptive response to the same forces that lead to increased length of gestation. Horn (1978) argues that species that delay reproduction to produce large offspring and small litters are typically those that experience a disproportionately greater part of their mortality as juveniles rather than as adults. Horn was referring to the mortality that organisms suffer due to such external factors as predation. Although our data on juvenile versus adult mortality are limited, we found relatively high juvenile mortality among the precocial families we investigated. If Horn is right, natural selection will favor adaptations that improve juvenile survival in these groups. Increased parental care is one such adaptation, and we suggest that increased neonatal brain size (and, more generally, precociality) is another. It may be particularly important for an offspring of a precocial species to be able to get up and move around on its own shortly after birth to avoid predation or to stay near its mother. And such actions may require a better-developed brain at birth than is found in altricial species. Further support for this idea comes from the observation that it is only early in life that precocial species have larger brains for their body sizes than altricial species (Table 2; 
Conclusions
Allometric and energetic explanations for variation in neonatal brain size in mammals lack a theoretical foundation for explaining why some species show systematic deviations from the trends they predict. Our adaptive explanation based on life history theory suggests that the increased gestation lengths and larger neonatal brain sizes of some mammal species func-
